Starch branching enzyme was purified from potato (Solanum tuberosum L.) tubers as a single species of 79 kilodaltons and specific antibodies were prepared against both the native enzyme and against the gel-purified, denatured enzyme. The activity of potato branching enzyme could only be neutralized by antinative potato branching enzyme, whereas both types of antibodies reacted with denatured potato branching enzyme. Starch branching enzymes were also isolated from maize (Zea mays L.) kernels. All of the denatured forms of the maize enzyme reacted with antidenatured potato branching enzyme, whereas recognition by antinative potato branching enzyme was limited to maize branching enzymes I and llb. Antibodies directed against the denatured potato enzyme were unable to neutralize the activity of any of the maize branching enzymes. Antinative potato branching enzyme fully inhibited the activity of maize branching enzyme I; the neutralized maize enzyme was identified as a 82 kilodalton protein. It is concluded that potato branching enzyme (M, = 79,000) shares a high degree of similarity with maize branching enzyme I (Mr = 82,000), in the native as well as the denatured form. Crossreactivity between potato branching enzyme and the other forms of maize branching enzyme was observed only after denaturation, which suggests mutual sequence similarities between these species.
Starch granules contain a mixture oflinear molecules (amylose) and branched molecules (amylopectin). Amylose is produced by starch synthase (ADPglucose:a-1,4-glucan 4-glucosyltransferase, EC 2.4.1.21), whereas amylopectin is produced by the combined action ofboth starch synthase and branching enzyme (or Q-enzyme; a-1,4-glucan:a-1,4-glucan 6-glucosyltransferase, EC 2.4.1.18) (16) . The latter enzyme introduces branches into glucans by hydrolyzing an a-1,4 bond and reattaching the released a-1,4 glucan segment via an a- 1, 6 bond to a similar glucan chain (1) . This reaction creates new nonreducing ends where further chain elongation can occur.
Purification of branching enzyme from potato tubers has been reported by several authors (2, 7, 8) , some ofwhom state ' This research was financed by the Department of Economic Affairs, the Hague, the Netherlands, through the ISP program. Some of the results presented in this paper were reported at the 2nd International Workshop on Plant Polysaccharides held in July 1987 in Grenoble, France; the abstract was published in a special issue of Food Hydrocolloids (21) .
that the enzyme can be separated into two functionally different components (molecular masses of 70 and 20 kD; 8) . In contrast, Borovsky et al. (2) have purified a homogeneous branching enzyme preparation containing a single active protein of 85 kD. Multiple forms ofbranching enzyme analogous to those detected in spinach leaves (10) and seeds of maize (3, 8) , teosinte (5) , peas (14) , and sorghum (6) have not been found in potatoes. The aim of this study was to characterize the potato branching enzyme with respect to the multiple forms of maize branching enzyme.
In a previous study we have compared the granule-bound starch synthase of potato and maize (20) . Identification of this starch enzyme was facilitated by the availability of the waxy mutant of maize (Zea mays L.). Recently, an amylosefree (amf) mutant of the potato was isolated and we have found that this mutant resembled the waxy mutant of maize in that it also lacked the granule-bound starch synthase (11) .
Thus, there are considerable similarities between at least some starch synthesizing enzymes of potato and maize.
With respect to branching enzyme, however, there appear to be major differences. In contrast to potato tubers which probably harbor only a single species of branching enzyme (2) , maize kernels contain three forms ofthis enzyme (branching enzymes I, Ila, and Ilb with molecular masses of 82, 80, and 80 kD, respectively; 3, 18). Immunological and other characteristics strongly suggest that branching enzymes Ila and Ilb are very similar and perhaps even identical, whereas both are significantly different from branching enzyme I (18) . All forms of branching enzyme found in teosinte, another species of the genus Zea, were immunologically similar to those of maize (5) . In this paper we compare the branching enzymes of potato and maize, two unrelated species, using specific polyclonal antibodies directed against either the native or the denatured potato branching enzyme. Although all branching enzymes studied appeared to share some antigenic determinants, the highest degree of similarity was clearly observed between potato branching enzyme and maize branching enzyme I. presence of 0.1% (w/v) Na2S2O5, and filtered through synthetic cloth. After settling of the starch granules, concentrated Tris buffer, DTT2 and EDTA were added to give final concentrations of 50 mm Tris-HCl (pH = 7.5), 1 mM DTT, and 10 mm EDTA. These and all further purification steps were carried out at 40C. The homogenate was cleared by centrifugation and proteins were precipitated by making the solution to 50% saturation with respect to ammonium sulphate. The precipitate was resuspended in 10 mm Tris-HCl (pH = 7.5) containing 1 mM DTT and 10 mm EDTA, dialysed extensively, and finally cleared by centrifugation. The crude potato juice obtained in this way contained 67.7 mg protein/mL and was stored at -20°C for 11 months.
After thawing, the crude potato juice was first precipitated once more with ammonium sulphate (final saturation 40%).
This second precipitation resulted in a heavy loss of protein but gain of branching enzyme activity. The precipitate was dissolved in and dialyzed against TED buffer. The dialysate was brought to 75 mm NaCl, loaded onto a DEAE-cellulose column, and eluted with a linear gradient of 75 to 375 mm NaCl in TED. Fractions were measured for protein content (A280), conductivity, and BE activity (assay A).
After dilution, the BE pool was subjected to a second DEAE-cellulose chromatography, concentrated by ammonium sulphate precipitation (final saturation 50%), and dialyzed against TED. NaCl was added to a final concentration of 20 mm and the cleared preparation was chromatographed on an Ag-butylamine column. Elution was performed with a linear gradient of 20 to 200 mm NaCl. Fractions were assayed and analyzed by SDS-polyacrylamide gel electrophoresis. This chromatographic step was repeated and the BE pool was concentrated by ammonium sulphate precipitation.
(pH = 7.5) containing 1 Finally, three runs of gel filtration on Sephacryl S-300 were performed, the first one in TED buffer and the subsequent ones in a buffer with a higher ionic strength (50 mm Tris-HCl [pH = 7.5] containing 5 mM EDTA, 1 mM DTT, and 100 mM NaCl). After each step only one or two fractions with a very high specific activity of BE were selected for further purification; the final BE preparation contained about 70% pure enzyme (average Mr = 79,000, specific activity 189 units/ mg protein; cf. Fig. 1, lane 9) and is denoted as native potato BE throughout this paper.
Some fractions of the second S-300 chromatography which contained less pure potato BE were combined (cf Fig. 1 , lane 1 1) and subjected to preparative SDS-gel electrophoresis as described previously (20) . The gel-purified branching enzyme (cf Fig. 1 , lane 12) prepared in this way is denoted as denatured potato BE throughout this paper.
Preparation of Specific Antisera Antisera were raised in New Zealand rabbits, both against native potato BE and against denatured potato BE. After some 7 mL preimmune serum had been collected, immunization was started by injection of the enzyme in Freund's complete adjuvant, subcutaneously. Booster injections were administered after 20, 33, and 46 d. Two antiserum batches were collected, the first (8-10 mL) after 42 d by puncturing the central ear vein, and the second (30-60 mL) after 54 d by heart puncture. Antiserum batches from one rabbit were combined and stored at -20C in the presence of 0.01% (w/ v) thimerosal.
The amounts of protein injected varied: the first injection contained 48 gg native potato BE or 62 ,ug denatured potato BE, whereas the booster injections contained 32 ,ug native potato BE or 50 jig denatured potato BE.
The antisera are referred to as anti-NPBE and anti-DPBE, respectively.
Isolation of IgG
Since total antiserum gave irreproducible results in neutralization tests, a result which has also been reported by others (18) , IgG was isolated from all (anti)sera. Antiserum or control serum (4-5 mL) was applied to a 5 mL protein ASepharose CL-4B column, washed with PBS, and eluted with 0.1 M glycine-HCl (pH = 3.0), according to the Pharmacia protocol. After neutralization, the IgG fraction was dialyzed against PBS and stored at -20°C in the presence of 0.01% thimerosal. On the average, this procedure yielded 4.1 mg IgG per mL nonimmune (control) serum, and 9.5 mg IgG per mL antiserum.
Preparation of Crude Potato Branching Enzyme for Immunological Tests
A crude potato BE fraction was prepared from fresh potatoes cv Promesse by precipitation with ammonium sulphate (final saturation 50%) and chromatography on DEAE-cellulose as described above. After concentration, a BE preparation was obtained which contained 0.8 mg protein/mL, had a specific activity of 2.4 units/mg, and was free of amylolytic activity; it is denoted as crude potato BE in this paper and it was used for various immunological tests.
Isolation of Maize Branching Enzymes
Branching enzymes were isolated from wild-type maize kernels according to Boyer and Preiss (3, 4) . Briefly, 59.1 g kernels were homogenized in 50 mM Tris-acetate buffer (pH = 7.5) containing 10 mM EDTA and 2.5 mm DTT using a Waring blender, filtered through cheese cloth and centrifuged (45 min at 30,000 g). The homogenate was precipitated by making the solution to 50% saturation with respect to ammonium sulphate, and the precipitate was dissolved in and dialyzed against 50 mm Tris-acetate buffer (pH = 7.5) containing 10 mM EDTA, 2.5 mM DTT, and 10% (w/v) sucrose. After centrifugation (10 min at 30,000 g), the major portion of this kernel extract (about 75 mg protein) was chromatographed on a DEAE-cellulose column (1.5 x 22 cm) and eluted with a linear gradient of0 to 0.4 M KCI (3, 4) . Fractions were tested for protein content (A280), conductivity and BE activity using assay A.
Four peaks of BE activity were pooled separately: pool contained fractions 4 to 6, pool 2 contained fractions 16 to 18, pool 3 contained fractions 29 to 32, and pool 4 contained fractions 36 and 37. These pools were dialyzed extensively against distilled water, freeze dried, and stored at -4°C.
Assay of Branching Enzyme
Assay A Branching enzyme activity was measured as a stimulation of the synthesis of a-D-glucan from a-D-glucose-1-P catalyzed by rabbit muscle phosphorylase a (3, 10) . The assay mixture contained, in a total volume of 0.1 mL, 0.1 M sodium citrate (pH = 7.0), 1 mM AMP, 50 mM a-D-glucose-l-P, 0.17 ,uM a-D-['4C]glucose-I-P (5 nCi or 11,000 dpm per sample), 20 .g of crystalline rabbit muscle phosphorylase a, and branching enzyme. All components of the reaction mixture were mixed shortly before use; it was checked that the glucose incorporation which occurred in the complete reaction mixture before BE was added, was negligible. The assay was started by adding the assay mix (80-90 gl) to branching enzyme (10-20 ul (13) , using BSA as a standard.
Analytical SDS-PAGE
The protein compositions of various samples were analyzed on SDS-gels containing 8% acrylamide (19, 22) . Samples were boiled in denaturation buffer, subjected to electrophoresis, and stained with Coomassie brilliant blue (19) .
Immunoblotting
Proteins separated on a SDS-gel were transferred electrophoretically to a nitrocellulose filter. The blot was reacted with specific antibodies and the (crossreacting) bands were visualized with a protein A-peroxidase probe, as described by Hovenkamp-Hermelink et al. (1 1 modified with respect to the one described in Vos-Scheperkeuter et al. (20) as follows. First, the transfer buffer contained 20% (v/v) methanol instead ofSDS, and second, pretreatment of the blot with gelatin was omitted and replaced by 8 to 10 washing steps of 10 min each with incubation buffer. The latter buffer contained 20 mm Tris-HCl (pH = 7.5), 0.05% (v/v) Tween 20, and 200 mM-instead of 500 mM-NaCl. These modifications increased the sensitivity of immunodetection significantly. In some experiments the protein composition of the immunocomplexes isolated via SaCI adsorption were analyzed by SDS-gel electrophoresis as described previously ( 19) . RESULTS 
Purification of Potato Branching Enzyme
When concentrated potato juice was chromatographed on DEAE-cellulose in TED buffer containing 75 mM NaCl, most proteins were not retarded whereas potato branching enzyme was completely adsorbed to the column (21 which contained only 8% of the total amount of protein applied to the column (21; Table I ).
The enzyme also bound to 4-amino-butyl Sepharose and eluted as a broad peak in the middle of the salt gradient (results not shown). Chromatography on Sephacryl S-300 yielded a single, rather sharp and symmetrical peak. The elution profile on S-300 corresponded to a protein species of Mr > 70 kD, as indicated by comparison with standard proteins, and was not affected by incorporating 1% (v/v) Triton X-100 (with or without 1 M NaCl) in the buffer (results not shown). Figure 1 and Table I give an overview of the total purification procedure. Several purification steps are required before BE can be recognized as one particular protein band in the complex protein profile of a potato tuber cell lysate. By isolating branching enzyme from the corresponding gel band a very pure-but denatured-BE fraction was obtained (Fig.  1, lane 12) . BE was found to have a mol wt varying between 77,000 and 81,000, with an average of 79,000 (Fig. 1, lanes 9  and 12) . The two potato BE preparations were used to raise specific anti-NPBE and anti-DPBE antibodies. These antibodies were characterized with respect to a crude potato BE preparation in immunoblotting and neutralization experiments.
Immunoblotting of Potato BE Anti-NPBE IgG was found to detect a major band of 79 kD, a minor band of about 63 kD and two minor bands around 40 kD in crude potato BE (Fig. 2, lane B) . The 40 kD bands correspond to the major protein bands present in crude potato BE and can be identified as patatin, the major storage protein ofpotato tubers (17) . Thus, anti-NPBE IgG is contaminated with some patatin-specific IgG which is not unexpected since the enzyme preparation used for immunization still contained trace amounts of this protein (cf Fig. 1, lane 9 ).
Anti-DPBE IgG detected the same set of bands except the patatin bands (Fig. 2, lane C) . All these bands were recognized specifically since preimmune IgG detected none of them (Fig.  2, lane D) . The nature of the minor 63 kD band detected by Despite this easy access, only 60% of the total enzyme activity could be removed from solution by immunoadsorption of the enzyme with IgGs coupled to SaCI-cells and centrifugation of the immunocomplexes (Fig. 3B, closed circles) . Again, nonimmune IgG allowed some aspecific adsorption and removal of branching enzyme (Fig. 3B, open circles) .
Other potato tuber enzymes involved in the metabolism of starch such as amylolytic enzymes, phosphorylase and debranching enzyme (or: R-enzyme) were also tested against our potato BE-specific antibodies in neutralization or immunoadsorption experiments; no specific inhibition was observed (data not shown).
Separation of Maize Branching Enzyme Activities
Maize branching enzyme was fractionated by DEAE-cellulose into four peaks (Fig. 4) . The chromatographic profile obtained is quite similar to previously reported ones (3, 4) in that one peak does not adsorb to the column and that two closely running peaks are eluted at 0.1 to 0.2 M KCL. Based on this similarity, our peaks can be identified as BE I (pool 1), BE lIb (pool 3), and BE Ila (pool 4) (3, 4). Figure 4 shows one additional small peak (No. 2); it eluted at the very beginning of the salt gradient and may therefore represent loosely adsorbed material.
The protein composition of pools 1 to 4 were analyzed by SDS-PAGE (Fig. 5, panel A) ( Fig. 5A, lane 1) . By comparing the electrophoretic mobility of small amounts (1-2 Mg) of this major protein with those of standard proteins run on the same slab gel, the molecular mass of this protein was estimated to be 85 kD, which is slightly higher than the molecular mass of 82 kD estimated previously by us (21) . Experiments described below strongly suggest that this major 85 kD protein is not identical to maize BE I.
COMPARISON OF POTATO AND MAIZE BRANCHING ENZYME

Immunoblotting of Various Maize BE Forms
Proteins present in maize BE pools 1 to 4 were transferred from an SDS-gel to a nitrocellulose filter and immunoblotted with potato BE-specific antibodies (Fig. 5, panels B and C, respectively). Anti-NPBE reacted strongly and specifically with one particular protein band of 80 to 83 kD in pool 1, and weakly with a protein band of similar Mr in pool 3. None of the protein bands in pool 2 or pool 4 was recognized by anti-NPBE IgG (Fig. 5, panel B) .
There was much more cross-reactivity when maize BE fractions were immunoblotted with antibodies directed against denatured potato BE isolated from a preparative SDSgel (anti-DPBE; Fig. 5, panel C) . The number ofcross-reacting bands varied between one (in pool 1) and about six (in pool 4), while the overall patterns were distinct for each maize BE fraction. The nature of the cross-reacting bands is discussed below.
Neutralization of Various Maize BE Forms
The ability ofthe potato BE-specific antibodies to neutralize the activity of various maize BE fractions was tested (Fig. 6 ). Maize BE pools 1 to 4 (Fig. 6 , panels A-D, respectively) were preincubated with either anti-NPBE IgG, anti-DPBE IgG, or control IgG and then assayed without further manipulations. Neutralization was observed only when maize BE pool I (BE I) was incubated with anti-NPBE antibodies (Fig. 6A, closed circles). Maize BE pools 2 to 4 were not inhibited by these antibodies (Fig. 6, panels B-D) in spite of the fact that pool 3 reacted with anti-NPBE in the immunoblotting experiment (Fig. 5, panel B) . This apparent discrepancy may be due to the fact that, compared to pool 1, pool 3 reacted weakly in the immunoblotting experiment.
Further Characterization of the Cross-Reaction between Maize BE I and Potato BE The neutralization experiment shown in Figure 6A was repeated in more detail (Fig. 7) . Inhibition of maize BE I by anti-NPBE was specific and reproducible; half-maximal inhibition was observed with 12 to 16 Mg IgG/assay, while neutralization was complete at 25 to 40 Mg IgG/assay (Figs. 6A and 7A). A comparable inhibition was observed when neutralization was monitored via the alternative BE assay (i.e. assay B; Fig. 7, panel B) .
The amount of anti-NPBE IgG required to neutralize 50% of the maize BE I activity varied between 1.9 and 3.7 Mig IgG per Mg maize protein in different experiments (Fig. 7A) which corresponds to about 20 to 35 ML antiserum per unit enzyme when the estimated loss of activity during storage and the yield of IgG isolation are taken into account.
Maize BE I was also reacted with SaCI-bound anti-NPBE antibodies. The results were quite similar to those obtained with immunoadsorption of potato BE (cf Fig. 3, panel B) : the enzyme activity of maize BE I could be decreased by immunoadsorption to a minimum of about 50% (results not shown).
Combining the results of Figures 5 and 7 , it is tempting to speculate that the 80 to 83 kD maize protein in pool 1 which cross-reacts with anti-NPBE IgG in immunoblotting is identical to the enzyme which is neutralized by the same IgG. This possibility was tested by isolating the native maize enzyme from pool 1 via immunoadsorption and analyzing the obtained immunocomplex by SDS-gel electrophoresis (Fig. ._t only protein band in the maize BE I fraction (lanes m in all panels) which is detected specifically by both potato BEspecific antibodies is a minor protein running slightly faster than the major protein present in the same fraction.
DISCUSSION
Purification of Potato BE and Characterization of AntiPotato BE Figure 8 . SDS-gel analysis of immunoprecipitates isolated from maize BE I using anti-NPBE IgG. Maize Fig. 2) . The arrow indicates the position of the specifically precipitated maize protein. 8 ). Numerous protein bands were observed, the major ones belonging to IgG molecules (H-and L-chains of about 50 and 25 kD, respectively). When the immunocomplexes obtained with anti-NPBE IgG were compared with those obtained with nonimmune IgG, only one protein band (arrow in Fig. 8 ) was found to be precipitated specifically. Both the molecular mass (82 kD) and the relative abundancy of this protein, suggest that the homology between native potato BE and maize BE I resides in a minor protein of slightly lower Mr than the major protein (85 kD, see above) present in this fraction.
This conclusion was strongly supported by a direct comparison between potato branching enzyme and maize branching enzyme I in an immunoblot subjected to an additional protein staining (Fig. 9) . Panels B, C, and D show the immunoblots obtained with anti-NPBE, anti-DPBE, or preimmune IgG, respectively, either before (left halves) or after (right halves) the additional protein staining. The potato enzyme (Mr = 79,000) is detected as the major immunoreactive protein species which represents only a few percent of the total protein content of this crude potato BE preparation (Fig.  9 , lanes p, cf panels B and C versus A). It is evident that the Potato branching enzyme has been purified to near homogeneity using several cycles of chromatography on three different types of column. Although the overall yield (3.6%) and the purification factor (1887-fold) can be calculated from Table I , these values represent no more than rough estimates since BE activity cannot be measured reliably in crude potato fractions (cf Table I : note the heavy fluctuations in the total enzyme activity measured during the first few purification steps).
The procedure used by us to purify potato branching enzyme resembles that previously published by Borovsky et al. (2) , whereas chromatography on 4-amino-butyl Sepharose was based on the successful use of this material in the purification of maize branching enzyme (3) . The purification was monitored by assaying branching enzyme activity indirectly (assay A). Although it is known that multiple forms ofbranching enzyme may display different activities in assay A or assay B (3, 16), this did not interfere with our purification since subsequent purifications clearly showed that the potato BE peaks detected by either assay A or assay B completely coincide (data not shown).
By pooling column fractions on the basis of both enzyme measurements and SDS-gel electrophoresis, we obtained a highly purified potato BE with a Mr of 79 kD (range: 77-81 kD), which is somewhat lower than that reported by Borovsky et al. (85 kD; 2) . Both the differences in SDS-gel types (7% tube gels versus 8% slab gels) and the different sets ofreference proteins used probably account for this discrepancy.
The behavior of potato branching enzyme on all columns tested strongly suggests that the enzyme occurs as a single protein entity, as has been concluded previously (2) . Close examination of the SDS-gel profile, however, shows that the purified protein does not run as a single sharp band, but rather as a diffuse and broad band (cf Fig. 1 than do native antigens (15, 23) . These multiple cross-reacting protein species, which were particularly observed in maize BE pools 3 and 4, suggest that maize kernels contain several proteins sharing sequence similarities with potato BE. Clearly, at least one of these bands must be identical to maize BE IlIb (in pool 3) or maize BE Ila (in pool 4). From previous studies it can be estimated that the molecular mass of maize BE Ila/ IIb is probably in the order of 72 to 80 kD (3, 18) . Therefore, multiple cross-reacting bands in pools 3 and 4 appear to be putative candidates for these forms of maize branching enzyme (Fig. 5, panel C) .
Based on both protein staining and immunoblotting, maize BE pools 1, 2, 3, and 4 appear to be clearly distinct fractions. This conclusion has some interesting implications. First, it implies that although pool 2 is a minor fraction possibly representing proteins loosely bound to the DEAE-cellulose matrix, it is clearly a BE-related fraction with unique properties as compared to the three well-known maize BE forms. The precise nature of this pool remains to be elucidated. Second, our immunoblotting experiment reveals that maize BE Iha and Ilb display different reactions versus anti-DPBE, a result which does not support the previous suggestion that BE Iha and BE Ilb may be identical (18) .
Some cross-reacting protein bands appear to be common to multiple maize BE pools. In particular, a major 80 to 83 kD protein band is detected in pool 1 and pool 3 by both anti-NPBE and anti-DPBE, which indicates that these bands are immunologically related. However, their reactions versus the two types of antipotato BE are clearly not proportional: the band in pool 1 shows the strongest reaction toward anti-NPBE, whereas the band in pool 3 is better recognized by anti-DPBE. We therefore conclude that the 80 to 83 kD bands in pools 1 and 3 are probably not identical, a conclusion which is supported by the fact that pool 1 and pool 3 react quite differently in neutralization experiments (Fig. 6) . A minor protein band of about 75 kD was detected in both pools 2 and 3 (Fig. 5, panel C) ; the relationship between these two bands is also not clear. Further experiments are required to elucidate the nature of these multiple cross-reacting species.
In conclusion, our results indicate that potato branching enzyme strongly resembles maize branching enzyme I in that both enzymes are neutralized by the same IgG. Cross-reactivities have also been observed between the SDS-denatured forms of potato enzyme and those of maize BE Ha, BE HIb, and a fourth, unidentified BE fraction, indicating that the regions involved in these similarities are buried in the native enzymes. Therefore, all branching enzymes from potato and maize appear to share sequence similarities, albeit to varying extents, and may therefore derive from a common ancestor (15, 23 
